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Over the past decade, several advisory panels have
evaluated space biology research to guide future research
endeavors (Space Studies Board, National Research Coun-
cil, 1987, 1991, 1998). Four major goals were enunciated in
the 1987 report that are still pertinent: (a) to describe and
understand human adaptation to the space environment,
(b) to use that knowledge to improve the health and
safety of astronauts, (c) to understand the role that gravity
plays in biological processes of plants and animals, and
(d) to determine if any biological phenomenon that arises
in an organism is better studied in space than on Earth. It
was considered particularly important to determine
whether the space environment would interfere with hu-
man and/or animal reproduction and whether there are
developmental phenomena that can be better studied in
microgravity than on Earth. To begin addressing these
issues, the 1991 evaluation recommended that animals be
maintained through two complete life cycles in space to
determine whether developmental deficiencies are rou-
tinely produced and that all aspects of vestibular system
development, which is exquisitely sensitive to gravitational
forces, should be studied.
In the intervening years, a number of developmental
studies in space have attempted to address these goals.
However, the special requirements of developing biological
systems, the significant restrictions on experimental design
due to hardware and flight time availability, the influence
of lift-off, and the reliance on space flight to attain periods
of microgravity that span a significant portion of develop-
ment have not allowed a comprehensive approach to life-
cycle issues. A new facility, however, may alleviate many w
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All rights of reproduction in any form reserved.f these difficulties. The first elements of the International
pace Station (ISS) have been launched and full research
apability of the ISS is expected within the decade. It will be
quipped with hardware to support several different kinds
f developing animals and will include centrifuges that will
rovide a 1g control environment and have a fractional
ravity capability to investigate gravity thresholds and dose
esponses. It is expected that the ISS will facilitate well-
esigned, well-controlled studies that fulfill the recommen-
ations of previous review panels and be of interest to the
evelopmental biology research community.
To focus developmental biology research efforts while
he ISS is being built, an international workshop was
onvened by the International Space Life Sciences Working
roup (ISLSWG), which was formed in 1991 to develop a
trategic plan to strengthen space research and to enhance
nowledge and information exchange. Previous ISLSWG
orkshops addressed issues in cardiovascular, muscle,
lant, bone, radiation, neuroscience, and cell and molecular
iology research (referenced on the workshop Web site:
ttp://www.FunBio.arc.nasa.gov/ISLSWG_index.html).
he ISLSWG Developmental Biology Workshop was orga-
ized by Professor Sally A. Moody, George Washington
niversity, and Dr. Catherine Golden, NASA. Participants
ncluded representatives from six of the international space
gencies that are cooperating in the planning and construc-
ion of the ISS, established members of the developmental
iology and vestibular biology research communities, and
ntramural/extramural space life science researchers. De-
ails about the participants, ground-based facilities, previ-
us ISLSWG workshops, and the ISS and literature relevant
o the issues discussed in this report can be found at the
orkshop Web site listed above.
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2 Moody and GoldenDEVELOPMENTAL PROCESSES THAT
MAY BE AFFECTED BY SPACE AND
RECOMMENDED STUDIES
The broad goals of the previous recommendations of the
Space Science Board concerning the effects of the space
environment on developing organisms were important for
establishing the initial research programs in this field.
However, due to limited resources and intrinsic difficulties
in flight-based research, only limited areas of the develop-
mental process have been investigated at a mechanistic
level. The purpose of the ISLSWG Developmental Biology
Workshop was to reevaluate and focus these goals. Work-
shop participants evaluated progress made on characteriz-
ing the effects of the space environment on development
and considered questions including: (1) What are the impor-
tant topics in current developmental research? (2) How do
these topics relate to the space life science goals enumer-
ated in earlier reports? (3) What current techniques and
approaches used to answer fundamental questions in devel-
opmental biology should be utilized in related space life
science research? (4) What research facilities are available
for space flight and ground-based studies? (5) What are the
appropriate animal models for developmental biology re-
search in the space environment? Although many aspects of
system development and maturation take place during the
perinatal and postnatal periods, and as such are likely to be
affected by environmental factors, the goal of this working
group was to evaluate four aspects of early development,
from gametogenesis through organogenesis, and vestibular
development.
Gametogenesis and Fertilization
Prior reports emphasized performing multigenerational
studies in the ISS because they may reveal cumulative
environmental effects. However, this workshop recom-
mends that a higher priority be to demonstrate that one full
life cycle can be completed in the space environment. This
has not been demonstrated for a vertebrate organism, in
particular because we do not know whether gametogenesis
occurs normally in space. Although studies in sea urchin,
amphibian, and fish indicate that fertilization can occur, in
these cases the gametes developed while the organism was
on Earth. One investigation in fish has suggested that
gametes formed in space are normal but further studies are
necessary to confirm this. These studies are critical because
effects on gametogenesis will impact future generations
during long-term space flight.
In many species, the localization of maternal molecules
in the egg sets aside the germ line that will produce the
gametes for the next generation. Localized molecules in the
oocyte initiate pattern-formation events and there is evi-
dence in some species that gravitational forces may affect
this process. Because oogenesis is a lengthy process, the ISS
will be an essential facility for providing the necessary
long-term space environment. Also, it is not known
Copyright © 2000 by Academic Press. All righthether the space environment affects the long migration
f gametes from endoderm to the gonads.
The most suitable animals for these studies are those in
hich gametes are produced rapidly and in large numbers or
n which there is clear evidence for localized maternal
eterminants and/or a gravity effect (Table 1). Extensive
reliminary studies should be performed on the ground,
sing hardware that simulates some microgravity effects
e.g., clinostats—http://server.physiol.arizona.edu/Physiology/
epartment/Clinostat/—and bioreactors—http://science.
sfc.nasa.gov/newhome/br/bioreactor.htm). Such studies
ill identify those biological systems most likely to provide
mportant insights into the mechanisms of space environ-
ent effects. Studies also should utilize appropriate molec-
lar markers to obtain an understanding of the fundamental
ellular events.
Fertilization events in space have been studied in several
pecies for which fertilization occurs externally. This has
ot been studied in mammals primarily because fertiliza-
ion occurs internally. It is recommended that mammalian
ertilization and early development to the blastocyst stage
e studied in vitro using ground-based facilities (e.g., biore-
ctors) to obtain preliminary information before flight-
ased or ISS studies are performed.
Maternal–Fetal/Neonatal Interactions
Obtaining a normal life cycle with mammals in space is
a special challenge because the offspring are affected by
maternal physiological parameters during gestation and by
maternal behavior after birth. Preliminary studies indicate
that there are several hurdles that will need to be overcome
for successful birth and development of mammalian neo-
nates in space. In particular, survival and normal develop-
ment of neonates is dependent upon normal maternal
behavior and normal maternal–fetal interactions. If the
space environment disrupts normal physiological processes
offspring development and survival will be compromised. A
more complete understanding of these issues and strategies
for dealing with them in the space environment must be
addressed in ground-based studies. Until maternal–fetal
issues in the space environment are better understood, and
until hardware is designed to accommodate these chal-
lenges, mammalian development studies should not be a
priority for space flight investigation. Once these issues
have been addressed, however, access to shuttle flights and
to the ISS will be critical for testing the ability of mammals
to reproduce successfully in space.
Pattern Formation
Some developmental defects in embryonic patterning
have been reported in the space environment for fly, am-
phibian, and chick. However, it is difficult to postulate the
underlying mechanisms. First, the observed defects cannot
always be confidently attributed to microgravity because
the restrictions on experimental design in the space labora-
s of reproduction in any form reserved.
n
m
m
b
n
l
t
s
a
c
s
a
o
t
s
T
v
b
s
b
g
s/pr/
3Developmental Biology Research in Spacetory have not always controlled critical conditions for
normal development (e.g., vibrations and hypergravity at
lift-off and reentry, pH, gaseous exchange, temperature,
humidity). Second, it is difficult to evaluate the mecha-
nisms of the underlying primary effects because the analy-
ses have been limited mostly to morphological changes,
which can be highly regulated during development by
adjustments in complex networks of gene expression. A
third difficulty in interpreting some of these studies is the
small number of specimens within individual experiments.
Because of these confounding conditions, few published
reports can clearly demonstrate that the space environment
per se adversely affects embryonic patterning. The general
impression at this meeting was that short-term exposure to
the space environment does not significantly affect pattern-
ing of embryos. However, the effects of long-term exposure
have not yet been studied due to the short duration of
sounding rocket, parabolic, or space shuttle flights.
To overcome these limiting conditions, four recommen-
dations were put forward. First, detailed descriptions of
previous studies should be provided in a database accessible
to the worldwide scientific community. Such a database
would include information about the size of data sets and
the number of specimens affected. With this information,
TABLE 1
Animal Models Recommended for Studies of Development in the
Drosophi
S
Genetic and developmental mutations Yes
Extensive homology to vertebrates/mammals/humans
at molecular level?
Yes
Availability of indicator lines? Yes
Appropriate for space travel (hardy and small)? Yes
Short life cycle? Yes
External development, allowing videotaping? Yes
Can be studied in large numbers? Yes
Embryos can be cooled to slow development? Yes
Complete “fate map” of development available? Yes
Gene expression patterns well described? Yes
Preliminary flight data about external development
available?
Eggs stratified with regard to gravity?
Cytoplasmic localization of maternal factors? Yes
Flight data for vestibular system development
available?
Models for human congenital defects?
Models for human disease and pathophysiology?
Significant database of maternal fetal behavior?
Note. S, genome sequenced; P, sequencing in progress; I, sequen
a For more complete information refer to http://www.nih.gov/sc
b Attributes cited are mostly for Xenopus and Pleurodeles. Geno
c Attributes cited are mostly for zebrafish, but also apply to othe
d For genomic information refer to http://www.ars.usda.gov:80/iresearchers working at the genetic level could review phe- U
Copyright © 2000 by Academic Press. All rightotypes, suggesting candidate genes whose expression
ight be altered. Likewise, researchers working at the
orphogenetic level might recognize the underlying cell
iology of anatomical defects. In addition, researchers plan-
ing future experiments could identify previously over-
ooked critical periods or details that warrant reinvestiga-
ion with molecular tools and genetic models.
Second, whenever possible and appropriate, flight studies
hould employ animals carrying genetic markers so that
ltered patterns of gene expression can be monitored in
onjunction with morphological changes. In transparent
pecies that develop externally, for example, this could be
ccomplished by automated fluorescence videomicroscopy
f the living embryo carrying a green fluorescent protein
ransgene.
Third, animals that produce large numbers of offspring
hould be used to obtain statistically significant data sets.
he small numbers in some previous studies have pre-
ented cause-and-effect conclusions from being drawn.
Fourth, reasonable access to appropriate hardware must
e provided so that preliminary evidence from ground-based
tudies can be collected. These include clinostats and
ioreactors (see above) and centrifuges that provide hyper-
ravity conditions (http://lifesci.arc.nasa.gov/cgbr/cgbr.html).
e Environment
C. elegansa
S
Amphibiaa,b
I
Fisha,c
I
Mousea
P
Rata
P
Aviansd
P
Yes Few Yes Yes Few Few
Yes Yes Yes Yes Yes Yes
Yes Few Few Few
Yes Yes Yes
Yes Yes
Yes Yes Yes
Yes Yes Yes
Yes Yes Yes
Yes Yes Partial
Yes Yes Yes Yes Yes
Yes
Yes
Yes Yes
Yes
Yes
Yes Yes
Yes
minent.
/models.
and genetics refer to X. laevis and X. tropicalis.
cies, especially for flight data.
2000/000406.htm and http://poultry.mph.msu.edu/index.html.Spac
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r spese of such facilities to obtain preliminary data prior to
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4 Moody and Goldenflight-based studies should be a high priority. This will
better focus efforts on those developmental processes (if
any) for which there is convincing evidence of gravitational
effects.
Organogenesis
A few reports suggest that early events in amphibian
organogenesis are affected by microgravity. However, these
effects appear to be either transient or due to factors other
than microgravity, as discussed above. Thus, it is not clear
that a microgravity environment per se perturbs organogen-
esis. Workshop participants recommend that studies of
organogenesis in the space environment be pursued only
after well-designed, ground-based studies indicate the need
for further investigation.
Nonetheless, there are compelling data that tissue differ-
entiation and maintenance events are perturbed in space. It
is recommended that the differentiation and maintenance
of tissues and organs systems relevant to astronaut health,
such as musculoskeletal, cardiovascular, and immunologi-
cal systems, be pursued.
Vestibular System Development
The vestibular system is the primary vertebrate sensory
system that detects changes in gravitational force. None-
theless, fundamental knowledge about its development,
interactions with other sensory and motor systems, and
functional regulation in space is lacking. It is recommended
that the following areas of research receive high priority: (1)
the normal development of the entire vestibular system
from peripheral end organs to CNS targets; (2) effects of the
vestibular system on the development of other neural
systems (i.e., formation and maintenance of neural maps,
autonomic system); (3) effects of efferent systems on the
development, maintenance, and function of the peripheral
vestibular apparatus; (4) effects of the vestibular system on
the development of the postural, gait, and locomotive
control systems; (5) the mechanism by which these inter-
acting systems allow for vestibular compensation; and (6)
the role of the vestibular system in complex, navigational
behaviors.
Initial studies of vestibular system development and
plasticity should be ground-based and focused on those
animals for which there are genetic mutations that elimi-
nate the peripheral organs (available in rodents and fish) and
in which the peripheral organs can be selectively ablated
during development (e.g., chick); this will allow vestibular
system development to be studied in the absence of periph-
eral input prior to the availability of the ISS. Because
sensitivity to gravity occurs throughout the life span, issues
of plasticity should be addressed in young adults as well as
developing animals.
Several important questions should be addressed when
the ISS facilities become available. These include: (1) Are
there critical periods for the various developmental events?
Copyright © 2000 by Academic Press. All right2) Is there an imprinting phase for gravity perception? (3)
hat developmental events lead to the differential suscep-
ibility or predisposition to sensorimotor disorders? Fur-
hermore, the ISS facilities will be most useful if they
rovide the ability to apply a wide spectrum of gravity (to
dentify whether a dose dependency of effect exists), a 1g
eference centrifuge, instrumentation that will allow the
ifferent types of acceleration (horizontal, vertical, angular)
o be distinguished, and adequate life support to maintain
nimals for long periods through the entire spectrum of
estibular system development.
ARE HYPERGRAVITY STUDIES RELEVANT
TO DEVELOPING BIOLOGICAL SYSTEMS
IN SPACE?
Because ground-based centrifuges that allow animals to
be raised in a hypergravity environment are available, the
issue was raised whether studying hypergravity effects
would provide useful information about developing sys-
tems. Four points of view emerged. First, because a hyper-
gravity environment is available on the ground, some
participants felt that this part of the gravitational force
spectrum should be studied. While these studies are easier
to conduct than those in the microgravity range, many
objections were raised to the idea that the experiments
should be performed simply because they are feasible. At
least for early developmental studies, no convincing ratio-
nale was presented linking hypergravity effects to the space
flight environment.
A second viewpoint was that hypergravity studies could
reveal whether lift-off forces and accompanying vibrations
affect developmental processes. By recording lift-off condi-
tions of particular flights and simulating them on the
ground it has been demonstrated that lift-off forces are
relatively short-lived and do not seem to have a significant
impact on most developing systems. (Lift-off and reentry
vibration can, however, adversely affect developing chick
embryos.)
A third opinion was that studying the effects of hyper-
gravity on the vestibular system may be appropriate. Be-
cause this sensory system is a fine-tuned detector of gravi-
tational force, it may be important to study the effects of
the full spectrum of gravitational force. Nonetheless, for
some aspects of vestibular system development, hypergrav-
ity may simply be a damaging form of overstimulation and
not provide insight into microgravity effects on develop-
mental processes.
Fourth, performing ground-based centrifuge studies is
important to determine whether centrifugation, per se,
affects aspects of development. It is now standard practice
to perform 1g environment controls of experimental speci-
mens during space flight using an on-board centrifuge.
On-board centrifuges on the ISS also will provide such
critical controls. In addition, assessments of centrifugal
effects in the ISS program will determine whether the
s of reproduction in any form reserved.
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mental stresses in space that cannot be simulated on the
ground (e.g., radiation exposure).
WHAT FACILITIES AND MODELS NEED
TO BE DEVELOPED AND/OR UTILIZED
TO PREPARE FOR SPACE FLIGHT-BASED
EXPERIMENTATION?
To prepare for the future flight/space-based experimenta-
tion recommended above, several recommendations are put
forth. First, ground-based studies must be performed to
gather preliminary data before experiments are performed
in space. In order for this to occur, information regarding
facilities to simulate microgravity and provide hypergravity
must be better advertised and made available to interested
researchers (see above for Web sites). Second, the research
community should be organized into multidisciplinary,
interactive units to maximize the amount of data collected
from one animal/experiment and to study several aspects of
development simultaneously. In addition, database coordi-
nation of information should occur at the onset of flight-
based experiments for efficient dissemination of results.
Third, focus should be on model animals that will provide
the greatest information (Table 1). Genetic models and
models that provide large numbers of offspring should
receive highest priority. This is critical for evaluating the
underlying developmental mechanisms of any potential
perturbation. Although some participants proposed using a
comparative approach because the space environment may
differentially affect different species, the majority view was
that during this initial inquiry stage it is more important to
concentrate on a few model animals. Fourth, indicator
organisms, whose changes in gene expression or other
developmental events can be videotaped or evaluated in
situ, and new, sensitive biological assays to detect subtle
perturbations of cellular processes should be used whenever
available. These will best provide information about devel-
opmental mechanisms and allow hands-off experimenta-
tion, a particularly valuable attribute given the limited
amount of time for astronaut-based experimentation. Inter-
Copyright © 2000 by Academic Press. All rightational space agencies should query the research commu-
ity to assess what types of existing animals/bioassays are
vailable. These should be used in preliminary ground-
ased studies to validate their use in space. Furthermore,
gencies should encourage the creation of new indicator
rganisms/bioassays that would be of particular relevance
o answer mechanistic questions about space environment
ffects on development.
CONCLUSIONS
The purpose of the ISLSWG Developmental Biology
Workshop was to reevaluate and focus the broad goals of the
previous recommendations of the Space Science Board
concerning the effects of the space environment on devel-
oping organisms. Due to limited resources and intrinsic
difficulties in flight-based research, efforts must focus on
those studies that will yield the most important informa-
tion. The recommendations provided herein emphasize
focusing on those problems most likely to be affected by the
space environment and using ground-based preliminary
studies, well-designed controls, and appropriate animal
models. Focused studies now will ensure that future ISS-
based research provides useful and relevant information on
developing systems.
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